FILE COPY o —
NO. 1-W |

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

tUA 0A - TECHNICAL NOTE

No, 1354

COMPARISON OF SOUND EMISSION FROM TWO-BLADE, FOUR-BLADE,
AND SEVEN-BLADE PROPELLERS
By Chester W, Hicks and Harvey H, Hubbard

Langley Memorial Aeronautical Laboratory
Langley Field, Va.

Washington
July 1947

REPRODUCED BY

NATIONAL TECHNI&.‘AL
INFORMATION SERVICE

US. DEPARTMENT OF CoMM
SPRINGFIELD, VA. ZZISER“

45






NATICNAL ADVISORY COMMITTEE FOR AFERONAUTICS

e gt pO—

TECHNICAL NOTE MO. 135k

—p———

COMPARISON °F SOUND EMISSION FROM TWO-BLADE, FCUR-BLADE ,
AND SEVEN-BIADE PRCPELLERS

By Chester W, Hicks and Harvey H. Hubbard
SUMMARY

Measurements of sound pressures for static conditions are pre—
sented for two-blade, four-blade, and seven—-blade propellers in the
tir Mach number range 0.3 to 0.9, The experimental results were
found to check satisfactorily with those calculated by means of
Gutin's formula for the whole Mach number range in the case of the
two-blade propeller, Goocd agreement was obtained in the case of the
seven-blade proreller for Mach numbers sbove 0,5, but large dis—
crepancies were Tcund to exist in the Mach number range below 0.5,
Vortex noise is a large part of the total noise at low tip Mach
numbers, esrecially for mmltidlade propellers, and therefore Gutin's
formule ig inaccurate for these conditions. Despite the discrepancies
noted, an aprrecisble sound-pgressure reduvction may be realized by
changing frem e two-blade rropeller to a seven-blade propeller for
comparable crerating conditions,

Tegts completed of 2 two-blade propellers having different
solidity indicete that solidity has very little if sny effect on
scund—pressure emission of two-blade propellers, At a fixed-rpitch
setting the sound-intensity levels expressed in decibels ars
aprroximately e linear function of tip speed for the test Mach number
range for all prcpellers tested. ‘ :

Gutin's formmla for the calculetion of sound rressures from an
sirvlane propeller has been simplified for use in engineering work
by conversion from metric to Britisk Fngineering units. A sample
rroblem illustrating the use c¢f Gutin's formula is included.
Measuvred snd calculmted results for several propellers are compared.

For the seme tip sreed and power sbsorbed, & sever—blade pro—
reller is cnly slightly less loud than & two-blade yroypeller at
distances greeter than 40O feet even though the difference in
sound pressures is large., For the same tip speed and power absorbed,
n small reduction in loudness may be realized by increesing the
diameter and, hence, decreasing the fregquency of the emitted sound.
Two sample calculations illustrating the Fletcher--Munson method
of lcudness evaluetion are included,
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INTRODUCTION

Much interest hes been shown recently in the nrohlem of noise
reduction of light airplanes. Theodcrsen and Regisr (reference 1)
concluded that propeller noise for commonly vsed tir speeds is the
dominent part cf gll ncise created by & proreller-driven airplane
end have treated the problem sccording to the thecry developed by
Gutin in reference 2, Deming (reference 3) checked the Gutin theory
for two-blade prorellers. From these checks it was concluded that
the theory was satisfactory, at least for two-blede propellers,
although it tended to underestimate the enerycy ir the higher
hermonics. With the application of the theory tc fan-type propellers
further test work spreared desirable to extend the range of experi-
mental checks sgeinct theory. Tests have thercfore been made for
a geries of different propellers including two-blade, four-blade,
and seven—blede configurations,

Noigse from mirrlane propellers is known to be complex and its
breakdcwn into individuel perts is difficult, The two parts that
are considered are (1) rotational noise and (2) vortex noise,
Rotationel noise is. caused by rotstion of the steady pressure field
enveloping esch blade, whereas vertex noise s czused by oscillatory
disturbanceg in the flow around the propsller blede.

Although the Gutin thecry predicts sound »ressures due to
rotational noise, it dces not provide means For pradicting vortex
neise or evaluating the loudnese .of complex sounds. Measurements
of the sound intensity by electrical instruments zive e physical
value of its megnitude,but the intensity evaluetsd by the ear is
vhysiolegicel and paychologicel and gives = loudness value. Two
important fectcrs that affect the loudness of rroneller noise are
the prescnce of vortex noise and the nonlinesr res-conse of the ear
to the frequency spectrum. The purpose of the rresent analysis is
therefore to investigate the loudness of propeller noiscs as hesrd
by the ear es well as tc check the Cutin theory Tor sound pressure
emission, '

- SYMBCLS

Py roct—mean—square sound ypressure, dynes per squere
centimeter (bars)

n number of blades

q - harmonic cf sound
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w sveed of revolution, radians yper second

bel

velocity of sound, feot per recond

8 distance from propellsr, feet
T thrust, pounds
Q torque, pound-—feet
r angle from propeller axis of rotation (zero in front)
R rropeller mean radius, feet
v _ velocity of propeller section at radius R, feet per
second
an(x) Bessel functicn cf order qn and arsument
v
X = anSlnn

v o,
Bqn = an@n (qn 7 8in B)

M, tiy Mach number cf blade (rotaticn only)

M Mach number of section at R

Rt radius of rroreller to tir

A .area of diek with redins Ry

P rower auprlied tc proveller, foct-pounds rer second
PH hofsepower surplied to propellser

I scund -pressure level, decibels

PT summaticn of harmonic sound pressgure emiscions
b/D blade-width ratio

h/o blade~-thickness ratio

2] blade angle, dsrrees

b blade cherd, feet
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D rroveller diameter, fset

h blade-secticn meximum thickness, fret

r redius to a blade element, feet

k order of the harmonic

¥y gound-presenre level of ltth hammonic, decibels

by magking factor

Gy loudness function

Ln loudness of a steady complex tons heving n  components
fk frequency of the kth componert, cyclez ver second

fm frequency of the masking ccmponent, ~vcles per second
Ly loudness level of the kth component when gounding elone
Lm loudness lovel of the masking tone

7 Tunction depending on the sound-presaure level $k and the

frequency fk of each component (iriven in teble IV

&

as @ function of X = Y - 30 log £y - 95)

U masking ccefficient (given by the cirve of fig, 12)
Subscript:

1 quantities sxpressed in metric unite (dynes, centimeters,
seconda)

SOUND THEORY

Fropsller sound can be concidered to consist of vortex noise
end rotetional noise. The vortex noisc jg cavsasd by oscillating
disturbances in the flow arcund the propeller blads., Frequencies
of vortex nolge form a continuous spectium frim near zero frequency
to frequencies of several thousand cycles Lor second, the upper limit
derending on the roteticnel sreed and size of the rropellcr blade
(reference k). These scunds dc not register as pure tcnes tut
combine to jreduce a "teering scurd " to the obsarver,
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Rotational noise is caused by the rotation of the steady pres—
sure field enveloping each blade., A theory was developed by Gutin
(reference 2) with reference to these steady aerodynemic forces on
the blade., Gutin assumes that no forces act on the air until the
blade reaches the air and that energy is imparted suddenly at each
blede pacsage. Thus, the air receives energy from the blade in
impulses having the shape of & squere wave, which can be resolved
into its Fourier coefficients, The frequencies of the sound pro—-
duced are therefore integral multiples of the fundemental freguency
of blade passage (rotational frequency multirlied by the number of
blades),

The formula for the rotational sound pressure from an airplane
prepeller at low forward speeds as developed by Gutin (reference 2)
is ag followe:

Dy = —- --Tl cos 3 + 5 Jénqn gin B —= (1)
22 mcyey Ry °1

where pressure ig given in dynes per square centimeter when ell
units are in the mctric system, By substituting Bqn for anﬁn(x),

where x = qn ?% sin B, equetion (1) becomes

w c,Q
Py = —— ~T cogs B + L B
/2 neqs .2/
QY= mey8y 1

Changing the right side of thie equation to Rritish Fneineering
units (feet, pounds) gives

P, = 169.30 (—T cos B + ig%) B

nce qn

In refersnce 1 sound pressures were evalusted in terms of the
propeller thrust and eirplane speed. In the present enalysis the
formula for the sound pressure is expressed in terms of thrust
and horsepower, s form more convenient for determining sound pres—
sures from an a’rplanc propeller operating at zero forward speed and
in the teke-cff condition,
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Multiplying the numerator and the dencminatcr of the preceding
equaticn by Rt? gives

. o) '
109 .3eR, ™
by e (o con e S5
o e -
cszt iR™

or, in terms of tip Mach number M, and disk area A,

M R ~{
+ t b
= 160.3 ~T cos B + -—=) B __
1 aA ( u}Rg qn

‘ R
: Mt t cP
Py = 160,3 - <——T cos B + 032 ?> Bqn

Multiplying the power Lerm by c/c gives

3
!

-

sh o’ree/
Hence,
MR
t't P
y o= 169,33 ——=[-T cog & + ~— } R 2
Il 9 3 sh o+ MQC qn ( )

Equaticn (2) is ccnvenient for enginesring use,

For the tests rerorted herein, B = 1057, This particular
angular positicn was chosen because it is near the axis of maximum
sound pressures for the range of rotational noise frequencies
messured. The value of ¢ was tsken as 1126 fect rer second, a
velue corregponding approximately tc test conditions, It is also
agsumed for all calculations that M = O.8Mt, gince this value

gives better ccrrelation with experimental results than other
values used, Substituting these ccnstants intc cquation (2) and
changing P to horserower gives

MRy 0.76Py
Py = 169.3 —~5" 0,267 + 5= | av JanlC. 77 Mtqn> (3)
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Equation (3) was used in evaluating test resnwlts., The sound
pressure for any propeller mey be calculated if the thrust and the
power absorbed can be determined., As calculcted by equations (2)
and (3), P, is the sound pressure in free =pace, In general,

ground reflection ceuses e doubling of the acund intensities at
the ground level; hence, values obtained by equetions (2) and (3)
were doubled for compsrison with exrerimental results,

From the informaticn given in refersncé 5, the ruct-mean—square
pressure of 1 dyns rer sguare centimeter is ghowm in reference 1 to
corresrcnd to a sound level of 74 decibels and the sound level at
a pressure D, in dynes per squere centimeter ie : '

I=1744+ 20 logyg Py decibels

The total pressure of several harmonics may be obtained by
extrecting the square root of the sum of their sgueres (reference 1);
thus

K
Py —\\}/ »,°
g

and the total sound-—-pressure level in decibals is

L.

L=k 20 10810\/ N ()
| q

If etmospheric zttenuatlon is neglected, the sound pressure
varies inversely es the diestence (equation (1)). Fxpressed in
dectbele this relationship becomes '

B

2 -
I, = Ty = 20 logy, = decibels (5)
85
where EI is & ratic of the distances, TFor exemple, if Il is

110 decibels at a distance of 30 feet from a propeller, the sound

pressure' I2 at 300 feet 13 110 — 20 loglo 1%% ar 90 decibels,
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in additional redvction cceurs as a result of atmosrheric attenuation,
the amount of which is known to vary with the frsquency of the sound.
For short distances, however, this effect is siall.

fP}ARﬁTU: AND MFTHODS

Static tests for meesurement and esnalysis T noise emission
wera conducted for five propelleres., The trorellers tested were
the two~blade worden u@nsenich mcdel No, (ﬁ[Ai proveller, the
two-blade NAC? 4—(3)(06,3)--06 propeller, and the N.CA 4—-(2)(08)-03
propeller In two--blade, four-blade, end ssven-blade configuretions,
The NACA designations used give a descrintion .7 the proveller blade.
Num*ers in the first grcup give the propellcy dizmeter in feet.
The first number of the second group @ives the desien 1ift coeffi-
cient, in tenths, at the 0.7 radius. Ilade thiclmess to chord
ratio at the 0.7 radius is expresssed by the last twe digits of the
second grovr. The third pronp gives blade zclidity, which is defined
as the ratic c¢f & single blade width at the 0,7 radius to the cir—
cumference of a circle with the smame redius, The Scnsenich pro—
peller is a wocden, ixed-ritch proveller, with a clameter of
5.8 feet, A1l other tvpes were U-feot—dicmeter metal propellers
mounted in adjuztable hubs which allcwed the bisde angle to be
changed menually. Tt chonld be noted that the WACA 4—(3)(06,3)-06
blade and the NACA 4--(3)(08)--03 blade have the same type of airfoil
cection excert for g smsll diffwrence in thickiees and thst ths
80lidity of the NACA L—(3)(25,3)--0f blade is ev. roximately twice
that of the NACA L-(3)(02)-03 b1ado Use of these propellers mekes
it pessible to get comrar-ble data for twe 431fFzront sclidity values.
The inclusion of the Senserich propeller rroviles deta for e tyrical
light—=irnlanc proveller.

Blede—form curves for the three diffirent blades tested are
given in figure 1, Thrge given for the Sensenich n'voeller are
only apprroximste since no denign dste were av l HLP and measure—
ments near the tip sre 4ir “ficult to make becai e of the vrotective
metal leadinmedge gusrd,

A 200-horsepower water-cooled varisble-snesd slectric motor
wag used to drive the test rrcerellers. Powsr inruts to the drive
mctor in all tests were measured directly by meens cf a wattmeter
and these readings were courrected by the ugs of mouter ~efficiency
data to determine the actusl powcr input to the rropeller. The
motor was rigidly mounted cn an outdecr test stand. (See
Tigs., 2(a) and 2(1).)
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The nearest obstructiones were located at a distance of about
€5 feet from the test stend. Any discrepancies due to reflections
are believed to be within the ordinary range of error in measure~
ments for these tests,.

A micrcphone was vtlaced at ground level to insure maximum
rick-up of all frequencles and was located st a point 30 feet from
the propeller hud and at a 15° angle behind the plane of rotation
(8 = 1050 . This particular angular poeiticn was chosen becauss
it is neer the value of B for maximum sound pressures for the
range of sound harmonics measured (fig. 1, reference 3).

A survey rake to meesure total pressure was clamped to the
mctor housing at approximately 4 inches behind the propellers.,
The measured total pressure was integrated over the disk area
to obtain an estimate of total thrust., These measurements are
believed to be sufficiently accurate (125 percent) for sound cal—
culations, This error in thrust representr approximately 1 decibel
- error in sound intensity,

Sound pressures end frequencies were measured with a Western
Electric moving-coll pressure-type microphone, associated ampli-
fiers, and a Hewlitt Packard Vave Analyzer. An electronic volt—
meter measured tctel microphone voltage. Propeller sounds et each
"test condition were permanently recorded on diske by mesns of
record—cutting apparatus.

Sound. pressures in dynes per square centimeter were measured
for the first five harmonics of the fundamental rotational fre—
quency for each test condition, The band width of the wave
anelyzer used was 25 cycles., Thus & chance for error existed in
measurements taken when extraneous frequencies were within this
range. VWave-analyzer and microphrne-voltmeter read¢ngs were
corrected for microphone frequency response,

Data were cobtained at tip Mach numbere of 0.3, 0.5, 0.7,
and 0.9 for all test conditions except as prevented by propeller
structural limitations and drive-motor—current and power limita—
tions., Some date were elso teken for the Sensenich wooden pro—
veller at mropeller rotational sreeds of 2100 rpm and 2350 rpm
te simulate take-off and ctuising-speed conditions, Comparsative
data for some of the other types of propellors were taken at the
game rotational apeeds and tip apeeds as those of the wooden
propeller,

Gusts of wind cause a viclent fluctuetion in sound pressures
for all frequencies of the emitted noise, Measurements on the
seven—blade propeller at a 20° blade angle, taken on a dey when
gusts were approximately 20 miles per hour, showed sound-pressure
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variations of approximately 15 decibels at sll srceds of the pro-
reller, In order to obtain consistent data, tests were run only
on days when wind velccities were low.

RESULTS AND DISCUSSION

Sound Pressures

Tests were run on all models (except the two-hlede wooden
Sensenich propeller) at different pitch settings to very power
abscrption at the same tip Mach numbers, ©8Sound rressures were
measured at various tip Mach numbers for purposes of ccmperison.
Tables I and II contain all experimental data and calculated
values, The tables are useful in comparing thecrstical calcule—
ticns and test data for varicus operating conditions of the pro-
pellers tested. Values shown for wave-anaslyzer results were
obtained by a summation of the sound pressures of the first five
hermonice of the fundamental rotational noise frequency as measured
by the wave analyzer, Vslues were also obtained by converting the
measured total microphone voltage directly to decibels after the
proper microphcne calibration was applied., Calculated values
obtained from equetions (3) and (4) for the first five harmonics are
included for ccmparison with the measured pressurss. A sample
calculaticn illustreting the use of equaticns (3) and (4) 1is
included in the section "SAMPLE CALCULATIONS,"

Tables I and II show good agreement between the measured and
calculated values at the high Mach numbers for nesrly all test
conditions, Discrepancies exist at the low Mach numbers. for most
‘teat conditions and ere esypecially large for the multiblade
configurations.

A comparison of the measured data obtained by the two methods
for the seme test ccnditions also shews good agreement in most
cages at the high Mach numbers but fairly large discrepancies at
the low Mach numbers. An analysis of the discrepancies is of
interest because of the two different methods of sound measurement,
The microphone voltege, when converted tc¢ sound rressure, gives the
summation of the entire band of frequencies emitied., Wave—analyzer
meagurements, however, were made only at the rotaticnel noise—
frequency peaks. Therefore, if the vortex noise 1s strong compared
with the rotational ncise, as is usually the case at low Mach numbers,
values determined by microphone voltage w:1l be larger than values
determined from wave—analyzer measurements,
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Oscillograph records fcr microphone pogitions at B.= 00 and
B = 00° were made for sound emission from a two-blede and a seven—
blede propeller. These records appearing in figure 3 show the dif-
ference inthe quality of sound emitted in these two different:
directions. Amplifier gains are not the seme for all these
records end consequently the amplitudes have no meaning., Some
estimate of the relative importance of the rotationel noise and
vortex noise can be made frcm a study of the-records shown, The
high-frequency vortex noise is shown to be much stronger in front
of each propeller than in the plane of rotation. The rcverse is
true of the rotational-noise component., The magnitvde of the high-
frequency component which exists in the plane of rotation is com—
paratively ereater for the seven-blade propeller then for the two-
blade propeller. Observations indicete that at M, = C.50 for
the severn—blede propsller the rotational noise has jJust begun to
dominste the vortex noise, At M, = C.57 for the two-blade pro-—
peller, rotational noise is clearly dominant, .. ’

Several test runs were made with the NACA 4-(3)(08)-03 pro-
peller in two-blade, four-blede, snd seven-blade configuraticns
and the results, from tables I and II, are shown in figures L, 5,
and 6. Figures 4 and 5 sre plotted with sound-pressure levels
ageinst tip speed and figure 6 chows sound--pressure” levels plotted
against power absorbed for all three configurations. Results indi-
cate that sound-pressure levels in decibels increase epproximately
es & linesr function of tip Mach number; the sound~pressure level
increases as more power is absorbed by the propeller. The following
table, in which power values that cannot be determined from figure 4
are included for convenience, illustrstes measvred sound-pressure—
level differences for three different blade angles of the two-blade
configuration for different tip Mach numbers and powers absorbed:

A =5 6 = 10° 6 = 16.5°
M
I Py I Fg I Py
(av} (hp) (ab) (hp) (dv) (np)
0.3 79 .8 1.0 83,k 1.k 8s.8 3.5
-5 8’1"-9 L‘"3 ’ 9300 80"" 95-9 20,0
.7 10¢,6 15,1 105.3 27,8 110.4 65.8
.9 111,12 33.4 117.0 68,2 121.6 148.,2

Figure 5 shows that, at the same tip Mach number and blede
angle, sound-pressure levels for a seven—-blade configuration are
considerably lower than for a similar two-blade configuration.
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Curves for the two-blade and four—blade configurations are nearly
coincident for most of the Mach number range, even though more
power is being abscrbed by the four—blade configuration, The
crogs-cver in the curves is probably due to the difference in power
absorption, A comparison of the results for the two-, four—, and
seven-blade configurations for a constant blade sngle of 16,5° ig
given in the following table:

Two~blede Four-blade Seven-blade

Mg 1 Py I Py B Py
(av) (hp) (av) (hp) (av) (hp)
0.3 5.8 3.5 81.9 6.0 78.3 10.7
'5 95!9 2OIO 9609 3)‘\1.? P9.9 53.0
.7 110.4 65.8 111.5 116.0 —— m——-

For equal power consumption at the sams blade angle, an increase
in the number of bdlades was found to cause 2 merked decrease in the
sound-pressure levels. (See fig. 6.) A part of this difference is
due to a decrease in tip speed.

Figure 7(a) shows comparative data from teble I for the
NACA b~(3)(08)-03 two-blade propeller end the NACA 1—(3)(06.3)~06 two—
blade propeller. Data for the NACA 4—-(3)(06.3)--0¢ propeller were
ad Justed to the same tip sreed and power abscrrpticn es the
NACA 4-(3)(06.3)-06 propeller by cross—plotting the date egeinst
blade angle, Results indicate that, for operating conditions
in which equél amounts of power are absorbed at the same tip speeds,
the sound pressures are very nearly equel for the two propellers,
This result indicates thet blade solidity has very little if any
effect on sound emission,

Scvnd~pressure levels measured by the microrhone voltmeter
&ableI)are plotted ageinst horsepower input to the Sensenich pro—
peller in figure 7(b). Comparative data for two cther propellers
with entirely different shapes are obtained frem cross rlots at the
same tip speeds and power absgorption. Although gocd agreement was
found, no conclusion concerning blade shape can be drawn from this
figure because of the differences in diameters and thrust values.

Some test results from the microphone~volimeter measurements
of tables I and II for the two-blsde and seven-blade propellers
are plotted in figure 8 with the corresponding theoretical curves
of total sound—pressure emission as calculated by squations (3)
and (4). At the lower Mach numbers the agreemer® hetween theory
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and experiment ig better for the two—-blade propeller than for the
seven—blade propeller, although, for both, the disagreement between
theory end experiment increases as the tip Mach number is reduced.
This lack of agreement is caused by the presence of vortex noise
which is not accounted for by equation (3).

Weve—analyzer measurements at low Mach numbers confirm the
presence of a wide band of frequencies of such strength, in some
ingtances, that no definite rotational-noise peaks exist.

Additional comparisons between theoretical calculations end
experimental results are given in figures 9(a) and9(b). For the
two-blade snd seven-blade configurations of the NACA L4-(3)(08)-03 pro—
peller at a blade angle of 10° and at tip Mach numbers of 0,3 and 0.9,
the plots show the variation of the harmonics of the fundamental
rotational frequency (qn)with sound—pressure level. . Th-re is good
egreement over a wide range of frequency at = tip Mach number
of 0,9, but lerge discrepancies exist at a tip Mach number of 0.3
for the same range of frequency. ‘

Experimental results in general show that for all propellers
tested the Gutin theory is adequate for vrediction of sound pres—
g'res in the Mach number range where rotational noise is strong
compared with vortex noise.

Loudness

Sound pressures measured by instrument in many casea do not
give a true representation of the loudness of sound as evaluated
by the ear. Since the effect of sound on the ear is of prime
importance in the study of noise reduction, a brief description of
the loudness aspect of sound is presented herein,

Loudness 1s defined as the magnitude of an suditory sensation,
Because of the nonlinesr response and the physical characteristics
of the vibreting part of the hearing mechanism, sounds at certain
amplitudes and frequencies have a masking effect on other sounds.
The lower frequencies tend to mask the higher ones,

An empirical formula for calculating the loudness of complex
sounds as they would be evaluated by the average ear is given in
reference 6 as follows:

& I |
G(Ln) =) b G(ch) (6)
— ‘
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where

<?k-L:)
m
250 + £, ~ F —_——
U k m U _
bk = <; :)lO Z(}k + 30 loglofk -

el

1000

5) (7

Figure 10, which is reproduced from reference {, shows a chart
of loudness—level contours which has been accepted as a stendard
for the response of the average ear to individual frequencies,
Points on the loudness—level contours were determined from the
observations of a large group of people. Notes cf various fre—
quencies were increased in intensity until they arpesred to the
observers to be as loud es a 1000-cycle note of known intensity.
Figure 10 shows that, for cases where the intensity levels remsin
of the order of aprroximetely 90 to 120 decibels end et the fre—
quency range of approximately 100 to 1000 cvcles rer second, the
eer evaluates scunds fairly accurately,  As the intensity levels
decreese, more distortion is evident with & corresponding change
in louvdness evaluation., For a 1000-cycle note the intensity level
is zero decibels at the threshold of heasring and 120 decibels at
the threshold of feeling. Figure 10 is replotted fer the range from
30 te 4000 cycles per second in figure 11 for convenience in meking
calculations., Figures 10, 11, and 12, and tables IIT and IV are
reproduced from reference 6 so that two sample vtrcblems mey be
presented. (See section "SAMPLE CALCULATICNS.")

Of great current interest is the compariscn of the loudness effects
obtained with multiblade prcpellers with those nbtained with con—
ventional two-blade propellers, Figure 13 illuscrates the loudness
change with distance for three different propellers and for s
helicopter rotor. The helicopter data were included to provide a
compariscn of the loudness effects of such configurations with
those of conventicnal nropellers., Sound pressurcs were first
ed Justed for distance according to the relationship given in
equation (5) and then were converted to a loudness level. No
correction for atmospheric attenuation was made,

Flgure 13 shows that the advantage to be gained by edding
more blades for the same tip speed and power aboorvtion is small
at distences greatcr than 400 feet., For the case of 2 twc-blade
propellers cperating at the same tip speed and nowsr absorption,
the one having the larger diameter tends to be less loud because
of the lower frequency. The helicopter rotor has 2 very low
loudness level at a distance of 30 feet and at a slightly greater
distance becomes inaudible, In general the lower frequencies of
sound tend to have greater attenuation in loudness with distance
than do the higher ones,
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SAMPLE CALCUIATIONS

The following calculetion, made by use of equetions (3) and (),
is presented tc illustrate the methed used in cbtaining the calcu—
lated velues in tables I and II. Conditions for a typicel problem
are as follows:

Propeller radius, foet ., & , & ¢ ¢ o o o s o o o o o o s o o o
Tip Mach number, My ¢ ¢« « o ¢« v ¢ o ¢ o o 0 o o 0 0« 0 o o o

Th-rust,T,pcunds.'.....oo-o-0¢00c00003
Power to propeller, Py, horsepower . . . « o v o o o o v o 1

Number of blades, T . & ¢ ¢ + o o +» s o s o o s .
Harmonic of rotationzl frequency, ¢ . . . « . 1, 2, 3, . . . etc.
Distance from ypropeller, L, feet , + . . . . o ¢ o v o v v oo 30

Evelueting equation (3) gives

pl = 145 qn an(x)
The function an(x) is evaluated from feired curves plotted

from Bessel function tables given in reference 7. The steps followed
in obtaining pp are illustrated in the f'ellowing table:

q | o x Ign(®) | v 3, | By feps ) BF
‘ q=1

1 L 2.78 0,121 PR 70.1

2 8 5.56 .03% .318 TS0

3 12 8,34 .016 .19k 28,2

i 16 11.12 .006 105 15.3

5 20 12.90 L0026 .053 7.8 90,1

From equation (4), the value of I 1is cbtained as

I

"

Th + 20 logyq Pr

113.1 decibels

f

Applying a ground-reflection correction of 6 decibels éives

I =113.1+ 6.0

119,1 decibels



16 MACA TN No. 135k

Sample calculations are mede to illustrate the use of equa-
tion (6)., The following tabulation gives the total loudness of a
twe~blade proweller et o distance of 30 feet:

Harmenic,| f v t . G L, |ccntrivuticn
k X R i Kk (ab} (percent)
1 127 6,6 52| 2510 1.0 2510 32.2
2 23| 62,7 881 3720 .762| 2010 38.1
3 0L 50,11 57 3560 L L3kE | 1932 16.1
L 500 f5.6| 551 30801 .323] 99 13,0
TELT = 59,k

The first cclumm k conteins the cider ¢f the component. The
number cf blade tins vpassing & given peint per second is the first
harmonic, and the other harmonics are intesvel miltiples of it,

If the values f} ecnd Vy ere measured dircctly, the corresponding

values of Lk can be Tound f'rom figure 11; then the loudness
values Gy are found in table IIT. The maskin Tactor by is

determired by the use of equatiin (7), with the a%d of figure 12
and table IV, This factor by can never be greater than unity
and unity is used whenever calcvlaticns give a hicher value. The

component Tor which the valuee of Im, fr, end U intrcduced in
equation (7) give the smallest value of by ic the mesking com-

ponent. In generel, the lower ccomponents tend - mask those
directly higher. The product of b, and G ives the relative
loudness of the individual components, The summation of all the
individual values of kak is the loudness «f the complex tone.
The corresronding loudness level In ig feond from teble IIT.

In the fcllowing table, calculaticns arc oresented for a
three-blade helicopter rotor at a distance of 20 feet to illustrate
two extremes in the uge of the lcudness—level-crntcour chart
(fig, 11):

Hermonic, i ¥ 1. b pe I |Centribution
X X K k| G k kK G (percent)
1 13.7] 0.6 o] o |o 0 0
z 274 7h,51 20 97.5§ 1.0 77,5 100
3 Li,11 36,3 0 0 0 0 0




NACA TN No. 1354 , 17

The frequency of the fundamentel 1s noted to be 13,7 cycles
per second, which is inaudible, Hence, even though a large amcunt
of sound energy is emitted, the corresponding loudness value is
zero. The intensity level of the third harmonic is so low that at
its particular frequency of sound it is below the threshold of
hearing and also has a corresponding loudness value of zero., In
this particular illustration all of the loudness is contributed
by the second harmonic of the rotational frequency.

CONCLUSIONS

Sound-pressure measurements at static conditions of two-blade,
four-blade, and seven—blade propellers in the tip Mach number range
from 0,3 tc 0,9 indicate the following conclusions:

1. At a constant pitch setting, the sound pressure in decibels
for a given propeller varies in an aprroximately linear manner with
the tip speed of the propeller for the renge of test Mach number.

2. At the same tip speed, diameter, and power abscrbed; the
sound—pressure outputs of two-blade propellers are approximately
equal and are not influenced by solidity,

3, For the propellers tested, the Gutin theory 1s adequate
for the prediction of total sound pressures for the Mach number
range where rotational ncise is strong compared with vortex noise,
as is the case for two-blade propellers,

4, An appreciable sound--pressure reducticn can be attained for
given operating conditions by Iincreasing the number of propeller
blades, but the reduction will be less than that predicted by
Gutin's theory when vortex noise is a large mert of the total
noise, Vortex noise is a large part of the total noise at low tiv
Mech numbers, especially for multidblade propellers and, therefore,
Gutin's formula will be inaccurate for these conditions.

. 5. In general, the lower frequencies of sound tend to have
greater attenuetion in loudness with distance than do the higher
ones, As a result, for the same tip speed and power absorbed, the
seven—blade propeller tested ie only slizhtly less lcud then & two—
blado propcller at a distance greator than 4LOO feet, even though the
difference in sound pressures is large. For the same tip speed
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and power absorbed a2 small reduction in loudness may be realized
by increasing the diemeter.

Lengley Memorial Aeronautical Iaboratory

National Advisory Committee for Aeronauvtics
Lengley Field, Va,, May 7, 1947
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TABLE I
SUMMARY OF DATA FOR TWO-BLADE PROPELLERS
Total Total Total
Blade Power| sound- sound- sound -
angle |Propeller Tip | Esti- input |pressure| Pressure pressure
at (rotational | Mach |mated to level level level
0.75R speed number, | thrust| pro- |measured measured calculated
(éeg)t (rpm) My (1b) |peller|by wave by by
(hp) |analyzer microphone | rormylas (3)
(db) voltmeter and (4)
L (db)
NACA 4-(3)(08)-03
T1600 | 0.3 27.9 | 3.5 79.6 85.8 83.8
16 2680 .5 65.1 | 20.0 95.2 95. 93.0
-5 3770 ‘7 11774 | 65.8 | 111. 110. 111.1
4850 .9 316.4 (148.2 | 123.4 121.6 123.0
1600 ;34_, 9.1 1.4 78.7 83.4 '}1.h o
10 .0 2680 .5 32,9 8.4 92.6 93.0 89.3
. E 70 .7 61.6 | 27.8 | 107.4 105.3 103.1
50 .9 184,0 | 68.2 | 119.3 117.0 117.8
1600 .3 9.3 1.0 73.8 59.8 69.3
2680 .5 24 1 4.3 89.1 9.9 84,3
5.0 3770 7 53.0 | 15.1 | 101. 100.6 98.9
1850 .9 95.0 | 33.4 | 11%.3 111.1 111.8
1600 .3 18.6 3.0 77.6 80.8 Th.1
10 2680 .5 53.6 | 12.6 95.1 92.6
.0 770 .7 10%.6 | 38.0 | 108.5 106.3 106.5
850 .9 184.,3 | 90,6 | 120.9 119.6 119.5
NACA 4-(3)(06.3)-06
1600 0.3 41.0 4.6 | 82.8 83.4 78.3
16.5 2680 .5 128.0 | 33.7 98.9 99.0 100.1
. 770 .g 230.0 32.8 113.7 112.3 110.3
300 . 290.0 |145.8 | 119.5 118.1 120.9
1600 .3 25.8 | 1.9 | 80.9 79.8 75.2
10.0 2680 5 65.7 12.3 93.1 93.0 93.2
. 3770 .7 156.0 | 54.6 | 108.2 106.6 107.4
4300 .8 195.0 59.8 | 114.4 111.0 113.9
- 1600 .3 7.4 | 1.0 T6.4 79.8 68.4
5.0 2680 .5 38.0 6.0 90.3 92,1 87.3
. 3770 7 86.0 | 19.3 | 106.5 104 .4 101.8 |
§300 .8 118.0 | 31.2 | 111.0 108.9 108.8
Sensenicﬁ i
—— . e S SRS |
1100 0.3 52.9 | 3.5 80.8 |  83.5 77.5 |
12.8 1840 .5 143, | 23,5 96.3 5 96.6 95.8
. 2100 .57 186.6 | 40,2 | 101. , 98.3 101.6 i
2300 625 | 225 8 | 57.0 | 105.5 . 103.1 105.5
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TABLE II

SUMMARY OF DATA FOR FOUR-

NACA TN No. 1354

AND SEVEN-BLADE

NACA 4-(3)(08)-03 PROPELLERS

: o .
3 Total Total Total
Blad Power| sound- sound - sound—
ale Propeller | Tip Esti- | input|pressure| Pressure pressure
angte rotational| Mach | mated to level level level
0 2 R speed number,| thrust| pro- |measured| Measured calculated
(&Zs)t (rpm) M, (1b) | peller |by wave by h by
& (hp) \|analyzer migioptone formulas (3)
(ab)  |volfmeter and ()
-1 I & I
Seven-blade propeller
1600 [ 0.3 1 36.9 22,7 | 82.8 86.8 145
25.0 2140 . 136.3 | 61.2 | 87.3 92.8 69.g
2300 .43 | 14,2 | 79.0 | 90.6 95.9 75.
1600 'E 85.0 | 19.3 | 76.2 91.5 43,5
2140 . 155.4 | 48,0 | 8o0.4 2.8 67.8
21.5 2300 .43 [ 18o.,0 | 61.2 | 83.6 ol .0 73.8
2680 .5 243.0 | 99.0 | 92.3 99.5 85.5
2780 .52 | 250.0 {110.0 | 92.5 102.0 86.3
1600 .g 72.4 | 15.6 | 77.1 86,8 51.1
2140 . 164.1 | 37.0 | 82.4 92.8 65.8
20.0 2680 .5 227.0 | 77.% | 93.8 102.0 83.5
3080 .575| 296.9 |121.,0 | 97.9 105.5 93.6
1600 .3 79.% | 10.7 | 68.8 78.3 g8.u
16.5 2680 .5 238.3 | 53.0 | 85.0 89.9 0.9
3450 .64 | 13,5 {128,0 | 99.2 100.0 93,6
1600 .g 51.7 6. 69.7 80.0 35.4
12.0 2140 . g2.2 | 16. 79. 85.5 59.2
. 2680 .5 136.0 | 33,0 | 84,2 89.9 75.2
3770 .7 31%,0 | 97.6 [101.7 101.0 101.2
1600 .3 51.5 4.2 | 63.1 75.9 31.2
2680 .5 146,88 | 25,0 | 80.1 88.0 75.0
10.0 770 T 289.6 | 76.0 |101.1 101.0 100.3
850 .9 509.7 |169.0 [120.2 119.5 119.1
Four-blade propeller
1600 | 0.3 4.5 [ 6.0 [ 75.8 81.9 65.76
16.5 2680 .5 1%0.5 | 34,2 | ok 3 96.9 90.9
. 770 .7 283.0 {110.0 {110.6 111.5 110.5
300 .8 420.6 |167.8 |(116.8 116.,4
1600 .3 20.4 2.3 74.2 75.9 56.0
2680 .5 63.6 14.4 88.2 9.0 83.7
10.0 3770 7 1 165.6 | k1.4 |105.0 105.1 103.1
k850 .9 307.6 |106.4% (120.% | 120.2 119.1
1600 .3 12.3 1.0 2.8 78.8 49,5
5.0 2680 .5 ho.7 7.4 4.0 89.0 78.5
J 3770 7-7 81.’47. 23.3__ 99.1 " 7095_#_* 97.7‘ -

NATIONAL ADVISORY
COMMITTEE FCR AERONAUTICS




21

NACA TN No. 1354

SOILNYNOHAY d0d FALLLIWWOD
AHOSIAQY TYNOLLVN

,ooooomﬁ_oooomHﬂMOOON:OH 0009G6 | 0005L8| 00000g| 0002EL | 000899 | 000609 000965| 0¢1
1000905 | 00009+ ,ooowH: ' 0000gE | 0009HE | 0009TE | 000882 | 000092 | 0005 000GTe| OTT
000L6T ' 00008T ' 000%9T | 0000GT | 000RET | 00092T| 0009TT|00090T| 000LE | 00088 | 00T
00018 | 000%L ﬁoomwm 00029 | 000LS | 000EG | 00064 |000Sk | 00STH 0008t | 06
000Gt 0022E 00962 | 00cLe 00052 | 00TE2 | 00%T2 |0086T |00%QT | OOTLT |08
00gGT | 009%T |00GET | 00keT |OOKTT | 0090L 0Gg6 |0ET6 | 0TGE | 0G6L | 0L
Ot 020L 0299 0%e9 0Lg5& 096G 06eS 0661 o794 0G¢ 1§ 09
0L0% 02g¢ 09G¢e 0Tt 0g0t |o08ge |0g9e |0TGe |0SEe | 00ce 0G
,0Loz 0261 08.L1T Or9T |00GT |09eT |0&eT |GSTT | 0901 GL6 oh
| 068 . 018 oL GL9 GT19 el “Tol® e SOt 09¢ 0t
' tet Lge AT 22e L6T LT 61 TeT €1t G*L6| 02
| G'zg G 69| G LGl GtLil €°6E| 9°2El 9'9e| #'le| e'it 6°ET| 0T
. 2"1T, 006 go"L | OL°G | ey | Of'€ | T&'e | 067T | Of'T | 00°T |0
| oL'o aq* o 2¢'0 | 220 | 4T°0 | 60°0 | 90°0 | #0'0 [G20°0 | STO'O |OT-
6 8 L 9 G i ¢ 2 T 0 R

(9 eousdajaa wodj us¥q el mﬁpwHu

('1)p 40 SEATVA

IIT JIdvl




NACA TN No. 1354

22

SOILAVNOYAY ¥Od HHEILIWWOO
AYOSIAQY TVNOILVN

%7 301 08 + - X_

T.°T | 69°1 pm.ﬂ [ R9TT | 29°T  09°T | 85'T GG°'T | £9°T I6°1 00T
h°T | O4°T | #f°T | T T | 6L°T | 9L°T | 4E'T | T€'T  628°T L&~ 06
2T | 2T | 6T°T | LT"T | GT°T | €T°T « OL'T | Q0°T | 90°'T | #0°T 08
c0°'T | 00°T | 66° L6° 96° 76° ¢6* 6" 6° 06° 0L
06° 68° 68" 88" 88’ 88’ 8g" 8g’ 88’ 88" 09
88’ 8g8° 88" 88" 88 89 68° 68 06 06" 05
6° 26"’ 16" G6° L6° 66° TO'T | €0°T | 90°T | 60°T | Of
€T°T | 9oTr°T | 02°T | G2'T | OL°T | GE"T | O'T | Lf"T | €6°T | 09°T | Ot
g9°T | 9L°T | G8°T | G6°T | G0°¢ | 91"2 | ge&'e | Of'e | e9'¢c | #9°2 | OC
9Lz | Llgt2 | 662 | TT°C€ | €e°¢ | GE"E€ | o4'€ | gS°€ | OL°t | 2g't | OT
16" ¢ G0t LTy | 62°% ' | €974 %9 | 9L % 88" f 00°6G 0
6 g L 9 g 4 € 2 T 0 Amv

ﬁm 90UaJdaJad WOJdJ UsXB) oHo,.m_Hu

(X)z 40 sSdATVA

AT HI9VL




NACA TN No. 1354

Number I at
Propeller of Diameter| Fy M (30 £t
blades £ deci-
( t) (hp) bels)
| maca L-(3)(08)-03 2 4.0 | 23.5 | 0,500 97.1
_ | Sensenich 2 S.8 23.5 «500 96.3
_____ NACA L-(3)(08)-03 7 4.0 | 2345 500 771
__—— — | Helicopter rotor 3 36,0 1130.0 -L57 90.7
100
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Figure 13.- Comparison

of distance effects on propeller
loudness.
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Blade-width ratio, b/D, and blade-thickness ratlo, h/b

.20

\ ]
\ | IR
Propeller —
\ — —  NACA 4-(3)(08)-03
—~— =— NACA 4-(3){06.3)-06
a8 \ —_—- - Sensenich model No, 70L45 o
\
\
.16 A h/d
\ 1
- N .
110 — ~—— gy . -~
— =
\\ i S
L
12
N h <
.10 \\\\\\4\
NN \
. \\ \ '\\\\ o ‘
. I R ~\ \
L -1 \.\\\ T~
= N \
06 \i‘\g < \*h%'\
™A
N b/D ~
~ N
St 1\ |
.04
\__\“\“‘* .
~ 4 "4
.02 j
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
.
.03 A .5 .6 .7 .8 .9 1.0

Blade station, r/R

Figure 1.- Blade-form curves for propellera tested.
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NACA TN No. 1354 Fig. 2a

H
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(a) Seven-blade NACA 4-(3)(08)-03 propeller mounted on
test stand.

Figure 2.- Setup at Langley sound laboratory for sound-
emission tests.
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300 CYCLE
m

(a) TWO-BLADE SENSENICH PROPELLER. M;=0.57, 8=90°

300 CYCLE TIMER

(b) TWO-BLADE SENSENICH PROPELLER.M;=0.57 8=0°.

300 CYCLE TIMER

’———— | REVOLUTION ——“}

(c) SEVEN-BLADE NACA 4-(3)(08)-03 PROPELLER. M;=0.5, §=16.5°% B=90°.
N N o srae wend
’————I REVOLUT|ON———‘1

(d) SEVEN-BLADE NACA 4-(3)(08)-03 PROPELLER. M;=0.5,8=16.5° 8 =0°

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 3.- Oscillograph records of sound emission of two- and
seven-blade propellers.
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Figure L.- Variation with tlp Mach number and blade
angle of sound-pressure level for two-blade
NACA L-(3)(08)-03 propeller.
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Figure 5.- Effect of number of blades on variatlon
of sound-pressure levels with Mach number for
NACA li-(3)(08)-03 propeller with blade angle © = 16.5°%.
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Fig. 6 NACA TN No. 1354
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Fig. 8
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Figs. 10-12
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Flgure 10,- Loudness-level contours.
(From reference 6,)
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(From reference 6.)
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Figure 12,- Va](ues of masking coefficient U,
From reference 6.)
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Fig. 2b

(b) Two-blade propeller mounted on test stand.

Figure 2.- Concluded.







